A portable unmanned Mie-scattering Scheimpflug lidar system has been designed and implemented for atmospheric remote sensing. The Scheimpflug lidar system employs a continuous-wave high-power 808 nm laser diode as the light source and the emitted laser beam is collimated by an F6 lens with a 100 mm aperture. Atmospheric backscattering light is collected by a F5 lens with a 150 mm aperture and then detected by a 45 • tilted image sensor. The separation between the transmitting and the receiving optics is about 756 mm to satisfy the Scheimpflug principle. Unmanned outdoor atmospheric measurements were performed in an urban area to investigate system performance. Localized emissions can be identified by performing horizontal scanning measurements over the urban atmosphere for 107 • approximately every 17 min. The temporal variation of the vertical aerosol structure in the boundary layer has also been studied through zenith scanning measurements. The promising result shows great potential of the present portable lidar system for unmanned atmospheric pollution monitoring in urban areas.
Introduction
During recent decades, the increasing demand for atmospheric aerosol data has promoted the rapid development of atmospheric lidar techniques. Atmospheric parameters such as aerosol extinction, optical depth, cloud height, boundary layer, microphysical aerosol parameters, etc., can be qualitatively or quantitatively studied by various lidar techniques such as Raman lidar [1] [2] [3] [4] , high spectral resolution lidar [5, 6] and Mie-scattering lidar [7] [8] [9] [10] [11] [12] . Among these lidar techniques, the elastic Mie-scattering lidar system, operating at 532/1064 nm based on flash-lamp or diode-laser pumped pulsed Nd:YAG lasers, is the most widely deployed [13, 14] . Since 2000, global and regional lidar networks have also been set up to retrieve routine aerosol spatio-temporal distribution, e.g., the European Aerosol Research Lidar Network (EARLINET) [15] , the Micro-pulse Lidar Network (MPLNET) [16] , and the Asian Dust and Aerosol Lidar Observation Network (AD-NET) [17] . The majority of lidars currently deployed in EARLINET and PollyNET are of the Raman-polarization type [18, 19] . National ceilometer networks exist worldwide but are mainly dedicated to cloud layer or mixing layer studies [20] [21] [22] . The increasing demands for continuous atmospheric monitoring also place high technical requirements on atmospheric lidar techniques. In particular, lidar systems with untended operation, portability, low-maintenance or even maintenance-free, low cost, eye safe, etc., are of great interest for autonomous routine operations as well as lidar networks, and extensive effort has been devoted to this area [23] [24] [25] [26] [27] [28] [29] .
The Scheimpflug lidar technique has recently been developed for atmospheric aerosol monitoring, combustion diagnostics, etc. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . The range-resolved atmospheric backscattering signal can be retrieved by a Scheimpflug-principle based imaging system. The cost of the lidar system can be greatly reduced by employing low-cost compact high-power laser diodes as light sources and highly integrated inexpensive image sensors as detectors [31] , which are also nearly maintenance free. However, the Scheimpflug lidar systems developed so far are mainly based on off-the-shelf astronomical telescopes and optomechanics, which are inconvenient for field deployment and may require frequent adjustments particularly during outdoor measurements. Thus, a compact, stable, portable and unmanned Scheimpflug lidar system is in great demand for routine atmospheric aerosol measurements and outdoor measurement campaigns. In this work, we report on the development of a portable unmanned Mie-scattering Scheimpflug lidar system based on custom-designed optical architecture and optomechanics, and investigate its feasibility for pollution source tracking as well as vertical aerosol layer structure studies. In the following sections, we will first introduce the portable Scheimpflug lidar system in detail and then investigate the system performance by measuring atmospheric pollution under different atmospheric conditions. Moreover, atmospheric horizontal and zenith scanning measurements have also been performed for preliminary studies on urban pollution source tracking and vertical aerosol structure.
Instrumentation

Optomechanics and Electronics
The system layout as well as the photograph of the Scheimpflug lidar system are shown in Figures 1 and 2 , respectively. An 808 nm laser diode with approximately 4 W output power is employed as the light source. The C-mount laser diode is housed by a customized aluminum mount with two thermoelectric coolers (TECs, 20 × 20 mm). A proportional-integral-derivative (PID) based TEC driver is used to control the driving current of the TECs. The case temperature of the laser diode can be stabilized with a precision better than ±0.1 • . Generally speaking, laser diodes have very good power stability and the small temporal fluctuation of the laser output power does not have any significant effect on the signal-to-noise ratio (SNR) of measured lidar signals. The deterioration of performance should be evaluated during long-term operation. The laser diode mount is installed on a customized x-y-z linear translation stage, allowing precision focusing and positioning when collimating the laser beam. The laser beam emitted from the laser diode is folded by an elliptical mirror (52 mm for short axis) and then collimated by a F6 achromatic lens (∅100 mm). A removable 10% reflecting mirror together with a black and white camera are also mounted in the beam path to observe the field-of-view (FOV) of the transmitting optical system during system alignment. All optomechanical components are mounted on an L-shaped aluminum bar, which can be rotated around a rotation stage (Zolix RSM73-1) that is fixed on the baseplate. The angle of the transmitted laser beam to the receiving optics, also referred to as the observation angle, can then be manually adjusted by tuning the rotation stage. The L-shaped aluminum bar can be locked on the baseplate as the Scheimpflug lidar system is well aligned.
Atmospheric backscattering light is received by a F5 achromatic lens (∅150 mm, f = 750 mm). The backscattering laser beam is then folded by an elliptical mirror (70 mm short axis). A 45 • tilted Complementary Metal-Oxide-Semiconductor (CMOS) sensor (Lumenera, Lt225NIR, 2048 × 1024 pixels) is employed to capture the atmospheric backscattering image. An 808 nm interference filter (Edmund Optics) with 3 nm full width at half maximum (FWHM) and a high-pass color filter (Edmund Optics, RG715) are employed before the CMOS sensor to suppress the sunlight background. Nevertheless, the SNR is dependent on the sunlight shot noise and the photo-response non-uniformity (PRNU) noise after a number of signal averaging processes during daytime, while it is dominated Remote Sens. 2019, 11, 837 3 of 15 by the PRNU noise during nighttime. It should be emphasized that the ultimate limit of the SNR is determined by the PRNU noise as the sunlight shot noise is greatly suppressed by performing long-time signal averaging. The tilted CMOS sensor as well as the filters are mounted on a linear translation stage for focusing. A removable beam splitter is placed in the beam path to reflect about 10% of the backscattering light into a black and white camera, which is used for assisting system alignment. By employing a long-pass filter (Edmund Optics, RG780), the measurement scenery as well as the laser beam reflected by a distant hard target, e.g., a tall building, can be observed through the black and white camera even during daytime. The receiving lens is fixed on the front frame, while the elliptical mirror is mounted on the baseplate. A 3D-printed plastic tube and box are fixed on the baseplate to protect the optical path from ambient scattering light. The separation between the optical axis of the transmitting lens and the optical axis of the receiving lens is about 756 mm to satisfy the Scheimpflug principle.
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Signal Acquisition and Processing
As the sunlight background and the dark current signal of the CMOS sensor contribute significantly to the measured lidar signal, the laser diode is turned on and off alternatively by a square-wave modulation signal, which is synchronized with the exposure of the CMOS sensor. Correspondingly, the laser beam image and the background image can be alternately recorded by the CMOS sensor in the region of interest (2048 × 200 pixels), referred to as the on-image and the off-image , respectively. The full image of the laser beam can be detected without truncation owing to the large detection area of the 2D CMOS sensor. Correspondingly, the geometrical compression factor is equal to one for the full measurement range. The raw lidar signal and the background signal can be obtained by binning the pixel intensities of 200 lines from the on-and off-images, respectively. Background subtraction is performed through signal interpolation to eliminate the contributions from the sunlight background and the dark current [30] . The final lidar signal is then obtained by taking the statistic median value of a number of signals to suppress the temporal noise such as the sunlight shot noise, readout noise and the dark current shot noise, etc. The exposure time of the CMOS sensor automatically changes according to the intensity of the background signal in order to optimize the SNR [41] . Meanwhile, the averaging number also changes correspondingly to maintain the same total measurement time for each single lidar curve, e.g., all lidar signals have been averaged 45 s for static measurements. The Savitzky-Golay (SG) filter, with 8-order polynomial as the fitting function and a frame length of 79 is employed to further improve the SNR. The pixel-distance relationship is calibrated by measuring the backscattering signal from a hard target with a known distance. According to the Scheimpflug principle, the range resolution of the Scheimpflug lidar system in the near range is extraordinarily high, while it decreases rapidly with the measurement distance, as shown later in Figure 3 . Thus, signal resampling is also performed for the near range lidar signals (<700 m) [41] , and the range resolution is reduced to about 3 m in this region. Nevertheless, the lidar signals were still unequally sampled. The lidar signal has been interpolated with equal sampling distance (i.e., 3 m) from 90 m to 10000 m for the retrieval of the extinction coefficient, while the profile of the lidar signal is retained.
Pixel-Distance Relationship
In Scheimpflug lidar techniques, the angle between the transmitting optics and the receiving optics, referred to as the observation angle, is rather small, typically less than 1 • , which is difficult to measure. A common approach for determining the observation angle is to measure the backscattering signal from a distant hard target, e.g., a tall building located at 1-2 km, the distance of which can be readily measured by a range finder. The observation angle as well as the pixel-distance relationship can then be calibrated from the distance of the tall building and the corresponding pixel position on the image sensor according to geometric optics and the Scheimpflug principle. The typical distance-pixel relationship as well as the range resolution are shown in Figure 3 . As can be observed, the measurement distance has a non-linear relationship with the pixel. By taking the differential of the distance-pixel curve, it can be found out that the range resolution increases with the square of the measurement distance. The theoretical range resolutions for the present Scheimpflug lidar system at 1 km, 5 km and 10 km are 7 m, 170 m and 718 m, respectively.
When the portable Scheimpflug lidar system are exposed to strong sunlight during outdoor campaigns, the optical components and the optomechanics could be deformed due to thermal expansion and contraction, which leads to a small variation of the observation angle (typically less than 0.01 • ). As a result, the atmospheric backscattering image of the transmitted laser beam can shift along the image senor and the pixel-distance relationship may also change. In other words, the pixel Remote Sens. 2019, 11, 837 5 of 15 position of the backscattering echo from the reference building/hard target, denoted as the reference pixel position, could drift back and forth as the temperature changes. Outdoor experiments have been continuously carried out for several days to evaluate the dependency of the drift of the reference pixel position on the system temperature. It has been confirmed that the drifting is generally related to the system temperature. However, no simple function can be derived to describe the relationship as each optical component may have different temperatures and also contribute unequally to the drift. Thus, real-time pixel-distance relationship calibration is performed for outdoor measurements by measuring the pixel position of the backscattering echo from the reference hard target at scheduled times, e.g., every hour.
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Measurements
System Performance Validation
Atmospheric remote measurement was performed on a near horizontal path from 4 to 5 July 2018 in Dalian, Northern China. During this period, the atmosphere is generally clean with only few local emissions. The lidar system was placed on the second-floor balcony of the School of Physics, Dalian University of Technology (DLUT). Although the elevation angle of the lidar system was low, i.e., about 5 • , the altitude of the scanning lidar system was far beyond the human height around the measurement site. The PM10 particle concentration increased from 15 µg/m 3 to about 50 µg/m 3 , reported by the Qixianling national pollution monitoring station that is located at about 2.5 km away from the lidar system in the west-southwest direction. Figure 4a shows the temporal-spatial map of the recorded atmospheric backscattering signal. The lidar signals were only about a third of those measured by previous SLidar systems (referred to as Newtonian-SLidar) under similar atmospheric conditions, which employed a commercial Newtonian telescope (200 mm aperture) as the receiver [31] . The lower amplitude of the lidar signal is primarily due to the smaller receiving area of the 150-mm refractor, as well as the low transmittance of refractors with coatings not optimized for near infrared wavelengths. Nevertheless, the SNRs of the lidar signals at around 100 m after about 45 seconds data averaging and signal filtering were beyond 300:1 during nighttime measurements, while it varied between 100 and 300 during daytime measurement depending on the sunlight intensity. The aerosol extinction coefficient can be retrieved according to the Klett method [42] with the boundary value of the extinction coefficient obtained in the far distance where the atmosphere is assumed to be homogeneous by employing the slope method [43] . The maximum retrieval range was set to 7 km. The temporal-spatial distribution of the aerosol extinction coefficient is shown in Figure 4b . Localized pollution, possibly due to vehicle emissions, appeared from 18:00 on 4 July to around 08:00 on 5 July at around 300 m away from the lidar system. 
Measurements
System Performance Validation
Atmospheric remote measurement was performed on a near horizontal path from 4 to 5 July 2018 in Dalian, Northern China. During this period, the atmosphere is generally clean with only few local emissions. The lidar system was placed on the second-floor balcony of the School of Physics, Dalian University of Technology (DLUT). Although the elevation angle of the lidar system was low, 
Atmospheric Horizontal Scanning Measurements for Pollution Source Tracking
Localized emission sources, which are difficult to measure by point monitoring stations due to spatial and temporal averaging, can be identified by scanning lidar measurements. Scanning lidar measurements have been reported in previous work for urban pollution monitoring by employing conventional pulsed lidar systems [24, 26, 28] . In this work, the portable unmanned Scheimpflug lidar system has also been employed for pollution source tracking in urban areas in Dalian, Northern China. The lidar system was placed on the 7 th floor balcony of the education building in DLUT (38 • 53 00.7"N, 121 • 31 37.2"E). The scanning area of the lidar system ranged from the south to the east direction, covering a range of 107 • . As the laser beam could be blocked by surrounded tall buildings, the scanning area was divided into three different sub-regions and the elevation angle of each scanning regions varied between 4.2 • to 8.5 • to avoid shooting buildings, as shown in Figure 5 . The elevation angles for the three measurement regions were 5.5 • (region A), 8.5 • (region B) and 4.2 • (region C), respectively. Two national pollution monitoring stations were located around the scanning area. The Qixianling station was about 3 km away from the lidar system in the south direction and the Xinghai station was about 4 km away from the lidar system in the east direction. Moreover, a Micro-air sensor (Fairsense) was also mounted at 300 m away from the lidar system in the south direction, which is able to measure the PM10/PM2.5 concentration every 15 min. During the measurement period, the PM10 concentration generally varied between 30-81 µg/m 3 , according to the three measurement stations.
The measurement procedures are summarized as following:
(1) In the beginning of each scanning period, the lidar system will first cruise to the preset calibration position and then measure the backscattering signal from a reference building, the distance of which has be measured by a range finder (1308 m for the present measurements). The distance of the reference building and the corresponding pixel position of the backscattering echo can then be used for the calibration of the pixel-distance relationship for the current scanning period [30] .
(2) The lidar system then automatically cruises to the starting position of the scanning area and adjusts the exposure time according to the total incident light intensity. An optimized exposure time can ensure the camera operating under high-light-level condition without saturation. In other words, the total incident light intensity should be at least more than 10% of the full-well intensity in order to minimize the noise resulting from the PRNU of the image sensor [41] . Typical exposure time is 20 ms under full sunny weather condition and 500 ms for complete darkness. However, the camera may still be saturated due to nearly direct solar radiation just after sunrise.
(3) After the auto-adjustment of the exposure time, the scanning measurement begins. In each scanning region, the elevation angle is constant while the azimuth angle was increased in 1 • step. During the transitions of different measurement regions, e.g., from region A to region B, the laser diode is turned off first for security and the lidar system cruises to the starting position of region B. The laser diode is then re-started. The measurement time for each scanning angle is 8 s, and the total measurement for the whole scanning area (249 • -355 • ) was of about 17 min. The total scanning time is of about one hour for 360 • panoramic scan. The lidar curves have been automatically stored in the computer for post-analysis by Matlab-based programs.
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Atmospheric Vertical Scanning Measurements
Atmospheric vertical scanning measurements have also been performed from 15 to 16 October 2018 to investigate the vertical atmospheric aerosol structure in the boundary layer. The lidar system, located at the 7th floor balcony of the education building in DLUT, was pointed to the east direction. Limited by the vertical scanning range of the rotation stage and the field of view, the vertical scanning angle ranges from 3 • to 36 • . The laser beam could shoot on tall buildings with smaller elevation angles. The measurement procedures are similar to the horizontal area scanning discussed in the above section. Atmospheric particulate concentration, e.g., PM10 concentration, was reported by the Xinghai national pollution monitoring station, which was near the laser beam path. Figure 6 shows the scanning maps of the atmospheric backscattering signals obtained during different hours from 20 to 21 September. As can be seen, there is a clear boundary between different scanning regions. In particular, the scanning region B that has a much larger elevation angle often shows different backscattering profiles compared with the neighboring scanning regions with lower elevation angles, which implied a vertically layered structure of the atmosphere. However, it does not necessarily mean that upper layers (higher altitude) has larger aerosol load. Localized emission features were mainly observed within 3 km range from the lidar system due to the increased measurement altitude as well as the decreased range resolution for far distance. On the other hand, the area beyond 3 km is mostly the Yellow sea, which does not have specific emission sources.
Discussion
The aerosol extinction coefficients were retrieved from the lidar profiles in order to better identify the pollution sources. As the lidar system operated in the infrared region, the aerosol extinction coefficient is retrieved according to the Klett method by ignoring the contributions from molecules. The retrieval of the aerosol extinction coefficient for scanning measurements is challenging due to short averaging time and thus lower SNR. The measurement error of the boundary value of the extinction coefficient could lead to large uncertainties on the scanning map of the aerosol extinction coefficient. Thus, the lidar signals in each scanning region have been smoothed by performing spatial averaging along the azimuth direction with 5 • window size in this work. The boundary values of the aerosol extinction coefficient were first retrieved for each lidar profile according to the slope method. The maximum retrieval range was set to 7 km. Moreover, spatial averaging on the subsequent five boundary values of the aerosol extinction coefficient in each scanning region were also performed to reduce the uncertainties of the boundary values, which mainly resulted from noise. Finally, the scanning map of the aerosol extinction coefficient is obtained by analyzing each scanning lidar curve according to the Klett inversion algorithm [31] , as shown in Figure 7 .
At around 12:00 o clock on 20 September, the PM10 concentrations reported by the Xinghai station and the Micro-air sensor were about 40 µg/m 3 and 60 µg/m 3 , respectively. Nevertheless, localized high values of the aerosol extinction coefficient can be found at many places, even in the area of the Yellow sea due to frequent human activities during daytime. The low-altitude pollution particles observed in the sea area were most likely due to the horizontal transportation of terrestrial emissions from Dalian city. The swift change of the aerosol extinction coefficient shown in Figure 7a and b could be due to the sea-land breeze. However, we are lacking meteorological data to further verify the transportation and swift variation. Another interesting phenomenon shown in Figure 7a and c was that large aerosol extinction coefficients were both found in region A and C, but not in the region B that has a larger elevation angle and thus a higher measurement altitude. This indicated that the pollutants were mainly concentrated in the altitude below 300 m. In the afternoon of 20 September, emissions can still be observed at around 15:00 due to road/building construction, etc. Nevertheless, the atmosphere gradually became cleaner and only light pollution sources could be observed, as shown in Figure 7d . At around 19:00 in the evening, near range emissions could be readily identified around the university campus and the residential area, which were mainly due to domestic/catering emissions, rush-hour traffic, etc. The PM10 concentration even reached up to 81 µg/m 3 according to the nearby Micro-air senor that was located about 300 m away from the lidar system in the south direction. After this period, the atmosphere became nearly homogeneous due to aerosol mixing in the urban/coastal atmosphere with a wind speed of about 5 m/s. The median value of the aerosol extinction coefficient shown in Figure 7f was about 0.12 km −1 , and the PM10 concentration was about 30 µg/m 3 according to the Qixianling station and the Micro-air sensor. Since midnight, the planetary boundary layer started to collapse. A clean layer was gradually formed between 220 m and 440 m in the boundary layer, while a residual layer that was due to the turbulence of the previous day appeared beyond the altitude of about 440 m, as can be seen in Figure 7g . A similar phenomenon can also be observed during the vertical scanning measurements. Video 1 shows the temporal variation of the aerosol extinction coefficient for the scanning area, from which the evolution of the localized pollutions as well as the vertical aerosol structure can be explicitly observed.
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Conclusions
A low-cost unmanned SLidar system, employing high-power continuous wave laser diodes and CMOS image sensors, has been successfully developed for atmospheric remote sensing. The SLidar system is fulfilled by integrating custom designed optomechanics and optoelectronics; 360˚ panoramic horizontal scanning and 0˚-36˚ vertical scanning are feasible through a large-load rotation stage. Meanwhile, automatic calibration measurement of pixel-distance relationship and automatic setting of the exposure time have been implemented for outdoor autonomous measurements. 
A low-cost unmanned SLidar system, employing high-power continuous wave laser diodes and CMOS image sensors, has been successfully developed for atmospheric remote sensing. The SLidar system is fulfilled by integrating custom designed optomechanics and optoelectronics; 360 • panoramic horizontal scanning and 0 • -36 • vertical scanning are feasible through a large-load rotation stage. Meanwhile, automatic calibration measurement of pixel-distance relationship and automatic setting of the exposure time have been implemented for outdoor autonomous measurements. Unmanned operation is achieved by a custom-designed LabVIEW-based program. The SLidar system is capable of operating during light precipitation conditions. Due to the small receiving aperture of the F5 refractor (150 mm) and its transmission losses, the signal intensity measured by the present SLidar system is of only about a third of that measured by the Newtonian-SLidar system that employs a 200 mm Newtonian telescope as the receiver and a 100 mm refractor (F6) for laser beam collimation under the same weather conditions [31] . Improvements on the signal intensity and thus the SNR should be pursued in future work. Image sensors with higher quantum efficiency (>40%) or larger full-well capacity allowing longer exposure time can further improve the SNR.
Outdoor atmospheric scanning measurements were successfully carried out in September and October 2018. Local emissions due to constructions, catering and traffics etc. can be identified through horizontal scanning measurements. However, as the elevation angle of the horizontal scanning was still a bit high (4.2 • -8.5 • ), ground-level emissions at far distance (>1 km) were rather difficult to detect. The SLidar system should be placed at a higher altitude but with lower elevation angles (e.g., zero degree) can be conceived for future pollution source tracking measurements. Lacking of meteorological data prevents in-depth analysis about the transportation and variations of atmospheric pollutions during the measurement period. Thus, meteorological instruments such as a radiosonde, anemometer around the beach, etc., should be deployed to improve the explanation of the measurement results in future work. In this work, the aerosol extinction coefficient in the horizontal scanning measurements has been retrieved according to the Klett-inversion algorithm with the boundary values of the extinction coefficient obtained from the slope method. Furthermore, spatial averaging has been performed on the original lidar signal as well as the boundary values, which can greatly improve the stability of the inversion. Nevertheless, developing an automatic and robust inversion algorithm, which is suitable for the retrieval of the aerosol extinction coefficient in various situations of scanning measurements has been a big challenge that needs attention in the future. On the other hand, the extinction coefficient could not be retrieved in the vertical scanning measurements in the present work, as the boundary value of the extinction coefficient is difficult to obtain due to the presence of clouds and limited measurement range of the Scheimpflug lidar system, etc.
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